Fifty-two ovine strains of Pasteurella haemolytica and P. trehalosi representing serotypes 1-16 were examined for the presence of [copper, zinclsuperoxide dismutase DNA sequences. This was done using a combination of polymerase chain reaction with degenerate primers based on the sequence of the [Cu,Zn]superoxide dismutase gene (so&J in related species and Southern hybridization using a fragment of so& from P. haemolytica A2 serotype as a probe. Both detection methods identified a fragment of the sodC gene in 9/9 strains of P. haemolytica serotype 2 examined and in S/8 strains of serotype 7. No evidence of this gene was found in any other serotype of P. haemolytica or in any P. trehalosi serotype. Comparison of DNA sequence showed near identity between sodC from the A2 and A7 serotypes of P. haemolytica and substantial similarity (70%) to sodC previously sequenced in P. multocida, Haemophilus parainjluenzae and H. injluenzae. Analysis by gel electrophoresis of the superoxide dismutase activity present in cell lysates showed that one or more superoxide dismutase is present in all serotypes. However, cyanide-inhibitable activity, corresponding to [Cu,Zn]superoxide dismutase, was detected only in those strains of serotypes A2 and A7 which showed evidence of the sodC gene fragment.
Introduction
Pasteurella haemolytica and P. trehalosi are important bacterial pathogens of sheep. Both species are carried in a commensal state in the nasopharynx of apparently healthy animals [I] , but each causes a different disease syndrome. P. haemolytica, of which there are 13 recognized serotypes, produces pneumonic disease whereas the four serotypes of P. trehalosi [7] and H. prrrainfluenxx [S] . Sequence shown corresponds to residues 88-174 of the 187-amino-acid H. paruinjiurnzae protein [5] . Dots signify identity between adjacent sequences; black arrowhead indicates an invariant Zn"Jigand His; X indicates additional amino acids conserved across all known bacterial [Cu,Zn]SOD sequences, excluding the highly divergent Ccrulohncter crescentus peptide sequence; open arrowhead indicates a residue previously found to be invariant in bacterial SODS.
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the infecting bacteria, and factors allowing organisms to withstand their action may potentiate virulence.
Superoxide dismutase (SOD) is a key metallo-enzyme involved in the detoxification of oxygen-free radicals. Single electron reduction of 02, achieved through the action of cytochrome oxidase in the course of aerobic metabolism or by NADPH oxidase at the phagocyte membrane, generates superoxide radical anion, which in a further series of reactions leads to production of the highly toxic hydroxyl radical. Mechanisms to remove free superoxide are correspondingly widely found, three varieties of SOD being recognised.
In the bacteria1 cytosol, iron-or manganese-cofactored SOD protects cellular proteins and DNA from free-radical attack. However, as the cytoplasmic membrane is impermeable to superoxide, these SODS cannot dismute superoxide produced outside the cell, for example by neutrophils, leaving the cell surface and periplasmic contents vulnerable. A novel SOD, cofactored by copper and zinc ([Cu,Zn]SOD) and encoded by the gene sodC, has been described in the periplasm of a wide range of Gram-negative commensal and pathogenic bacteria1 organisms, including members of the Haemophilus-Actinobacillus-Pasteurella family [4-91. The part that this form of the enzyme plays in bacterial biology is unknown, but it is appropriately located to be involved in dismutation of superoxide produced in the course of host defence against bacterial infection and, as such, is a potential further determinant of bacterial virulence. A polymerase chain reaction (PCR) approach to the identification of sodC genes has been developed based on sequences conserved across a range of organisms [7] . Using this approach, coupled with Southern hybridization and activity assays, we demonstrate here the presence of [Cu,Zn]SOD in P. haemolytica, but not in P. trehalosi, and show that it has a restricted serotype distribution. P. haemolytica was plated on blood agar and grown for 16 h at 37°C to form a bacterial lawn. Bacteria scraped from the surface of the agar were resuspended in 5 mM Tris-HCl buffer, pH 6.8, containing 1 mM EDTA, 0.5 mM NADP and DNAase at 0.5 mg/ml and disrupted with a reciprocating bead beater operating at 4000 cycles/min using washed 0.1 mm diameter 'zirconia' silica beads (Biospec Products Inc., cat. no. 110791012) suspended in 0.5 vol. of distilled water. Samples were centrifuged to remove cellular debris and the protein concentration of the supernatant determined using the BCA Protein Assay Reagents (Pierce). Supernates were then stored at -70°C. Total cellular proteins (10 pg) were separated on a non-denaturing PAGE gel with a 4.5% (w/v, acrylamide) stacking gel, pH 6.8, and a 10% resolving gel, pH 8.8. SOD activity was detected in the gel using the calorimetric method of Beauchamp and Fridovich [lo] . For specific inhibition of [Cu,Zn]SOD activity potassium cyanide was added at a final concentration of 5 mM. P. haemolytica strains were grown at 37°C overnight in shaken broth culture and genomic DNA, prepared using the Genome DNA Kit (BiolOl), was used as template in PCR amplification and in Southern blot analysis. PCR was carried out using Taq polymerase and buffer (Boehringer) with degenerate oligonucleotide primers, 3'-univsod and 5'-univsod [7] . Thermal cycling conditions were 30 cycles of denaturation at 94°C for 1 min; annealing at 45°C for 1 min; extension at 72°C for 1 min, followed by a single extension at 72°C for 10 min. Confirmation of recovery of the sodC sequence from different strains was obtained by PCR using nested primers P6748 (AAGGTGGCAAGCTCACAGCAG) and P6749 (TTCAAGCGAGGGGCTAATACT), constructed on the basis of the DNA sequence determined from the cloned fragment of the P. haemolytica serotype A2 sodC gene. Thermal cycling conditions were as before except that the annealing temperature was raised to 51°C. PCR fragments were cloned into the vector pCRI1 (Invitrogen) and the resulting plasmids propagated in E. coli JM109. DNA sequence analysis was carried out using either Ml3 universal forward and reverse primers or primers constructed on the basis of determined sequence and the fmol DNA sequence system (Promega).
Materials and methods
Bacterial strains
For Southern blot analysis, DNA was transferred to Hybond N membrane (Amersham) as described by Smith and Summers [l 11. DNA probes were cloned PCR fragments of sodC from P. multocida [7] or P. haemolytica serotype A2 strain 124/92 (pNT1) (this work).
Probes were labelled with digoxygenin (DIG) using the DIG DNA random primed labelling system (Boehringer).
Blots were processed using the DIG DNA luminescence detection system (Boehringer). For detection of sodC in genomic DNA autoradiographs were typically exposed for 1-16 h depending on the sensitivity required. T635  M75  L94CC  DO693  L55  MllOA  R341B  DO135  L48E  M61A  L48C  L401  L45B  M74  LlllH  Ll31D  L94F  DO800  DO200  c53  DO775  L521  M76A  DO770  L52E  Ml14  8561  L52G  L98B  DO132  L59E  M58  DO804  L59D 
Results
The sodC gene was identified provisionally in P. haemolytica serotype A2, strain 124192, by Southern hybridization using a gene probe prepared by PCR from P. multocida [7] (data not shown). The same degenerate oligonucleotide primers, 3'-univsod and 5'-univsod, that had been used to recover sodC sequence from P. multocida were used in PCR with templates of chromosomal DNA from strains representing each of the serotypes of P. haemolytica and P. trehalosi (Table 1) . By analogy with P. multocida, recovery of a band of 304 bp was taken as preliminary evidence of the presence of sodC. Such a band was seen only with A2 and A7 serotypes of P. hae-
molytica.
The PCR product from strain 124/92 was excised from an agarose gel, cloned in the plasmid vector pCRI1 to produce pNT1, and its identity as a fragment of sodC confirmed by nucleotide sequencing, the deduced amino acid sequence being 71% identical to the P. multocida and H. parainfluenzae sequences (Fig. 1) . Nested sodC oligonucleotide primers P6748 and P6749 were synthesized based on the 124192 sequence and used in PCR to confirm, by production of a band of 169 bp, that the PCR products obtained with 3'-univsod and 5'-univsod were in each case derived from sodC. The PCR product from the serotype A7 strain DO800 was also cloned (pNT2) and sequenced, and the sequence compared to that from the serotype A2 strain 124/92. The two were almost identical (98% identity at nucleotide level, 100% identity at deduced amino acid sequence level). DNA sequences have been submitted to the EMBL database. Accession numbers are U59225 for the A2 serotype and U59226 for the A7 serotype.
To ensure that local sequence variation was not responsible for failure to detect sodC sequences by PCR, the complementary Southern hybridization approach was used. Genomic DNA samples from representative strains of P. haemolytica and P. trehalosi were digested with Hind111 and examined by Southern hybridization using pNT1 as a probe (Fig. 2, Table 1 ). The distribution across strains of the sodC gene identified by hybridization was identical to that determined by PCR. Positive signals were obtained from 919 of the A2 serotype strains and from 518 A7 strains tested. In each case the probe reacted with a single fragment. In the A2 strains the fragment size showed variation: in five strains the sodC gene was located on a 6 kb fragment, in one strain on a 5.0 kb and in three strains on a 2.0 kb fragment. In each of the A7 hybridization-positive strains the fragment was 2.0 kb (Fig. 2) . None of the other serotypes showed a hybridizationpositive fragment even after extended autoradiographic exposure.
SOD activity corresponding to sodC expression was sought in all strains by detection of enzymatic activity in polyacrylamide gel after non-denaturing PAGE. Fig. 3 shows the pattern of expression of SOD activity in various strains of P. haemolytica and P. trehalosi. Only serotypes A2 and A7 exhibited a band of SOD activity which could be inhibited by KCN, indicating that this was [Cu,Zn]SOD (results summarised in Table 1 ).
Discussion
[Cu,Zn]SOD activity and the sodC gene were detected in all P. haemolytica A2 serotype strains (9/9) and in some A7 serotype strains (5/8). None of the strains in other serotype groups of P. haemolytica or P. trehalosi showed evidence of [Cu,Zn]SOD activity or of possession of the .sodC gene. Two methods were used to screen strains for a fragment of the sodC gene. PCR detection provided a rapid screening method but has the disadvantage that it may not identify the sodC gene where there is localized sequence heterogeneity at a PCR primer site. This technique was therefore complemented by Southern blot hybridization using as a probe the cloned sodC PCR fragment recovered from P. haemolyticu serotype A2 strain 124192. However, in all the P. haemolytica and P. trehalosi strains examined, PCR and Southern hybridization identified the same set of strains. Additionally, Southern blot analysis showed that there is variation in the size of the Hind111 restriction fragment that the sodC gene is located on in the A2 serotype. DNA sequence analysis demonstrated a very high degree of similarity (98%) between A2 and A7 sodC fragments. These sequences also show a substantial degree of similarity with the sodC gene in the related bacterial species, H. parainfluenzae and H. influenzue (71°K) [5] . In each of the strains containing the sodC gene fragment, corresponding [Cu,Zn]SOD activity was also identified. This situation differs from H. injluenzae phylogenetic division II of serotypes a, b, e and f where, despite the sodC gene sequences being present, [Cu,Zn]SOD activity cannot be detected [5] . In the case of type b this has been ascribed to a point mutation affecting a crucial Cu2+ ligand. Reso lution of SOD activity by PAGE indicated that more than one form of SOD is present in P. haemolyticu. While only A2 and A7 serotype strains have [Cu,Zn]SOD activity, all serotypes express an additional form of SOD which is not inhibitable by cyanide. Similarly P. trehalosi strains contain non-[Cu,Zn]SOD activity. This has not been characterized here but presumably represents iron-or manganese-SOD.
In diseases caused by P. haemolytica and P. trehalosi, bacterial survival in the presence of activated neutrophils is a central feature. The leukotoxin of P. haemolytica Al, implicated in the pathogenesis of bovine pasteurellosis. is a potent neutrophil activator [2, 3] , and similarly neutrophil activation is a feature of ovine pneumonic pasteurellosis caused by a range of P. haemolytica serotypes. This activation of neutrophils is attended by a burst of production of superoxide and more toxic free-radical products of its further reaction with hydrogen peroxide, but factors in pasteurella strains conferring resistance to their bactericidal action remain to be characterized. We suggest that [Cu,Zn]SOD may play a part in this.
[Cu,Zn]SOD has been shown to be periplasmic, or such a position is deduced by the presence of a leader peptide directing export from the cytoplasm in the translated protein sequence, in all bacterial examples studied [5,9,12-l 51, and it would seem reasonable to infer that the pasteurella [Cu,Zn]SOD is similarly located. A protective role has been demonstrated for surface-exposed bacterial SOD in Nocardia asteraides, which shows reduced survival within macrophages when the enzyme is inactivated by bound monoclonal antibody [16] . It would be going too far to suggest that [Cu,Zn]SOD is a crucial determinant of pasteurella virulence, as its distribution appears to be restricted to A2 and certain A7 serotype strains of P. haemolytica, while all serotypes can be found as animal colonists or pathogens. Rather, it might be that the enzyme modulates virulence, enhancing the survival of serotypes in which it is found and so increasing the risk of disease. It is striking that A2 and A7 serotypes are those most commonly isolated from ovine infection in Britain, with A2 accounting for 54% and A7 for 5% of clinical referrals of ovine isolates to Moredun Research Institute in 1982-1993 [ 11. It should be informative to characterize further strains from diverse origins to establish whether there is a true correlation between expression of [Cu,Zn]SOD and productive infection.
